Although entrainment mapping is an established approach to atypical atrial flutter ablation, postpacing intervals shorter than tachycardia cycle length (difference between postpacing interval and tachycardia cycle length [dPPI] <0 ms) remain of unknown significance. We sought to compare anatomic and electrophysiological properties of sites with dPPI <0, dPPI=0-30, and dPPI >30 ms.
A typical atrial flutter (AFL) represents a heterogeneous group of arrhythmias, which can be defined as noncavotricuspid isthmus-dependent macroreentrant atrial tachycardia. AFL frequently arises in the setting of myocardial scars, such as those resulting from catheter ablation or cardiac surgery. Catheter ablation is a treatment of choice and selection of ablation targets relies on localizing critical isthmuses along the reentry circuit. This can be achieved by entrainment mapping (EM), 3-dimensional electroanatomical mapping, and substrate mapping, often in combination. Entrained sites with concealed fusion and a difference (difference between postpacing interval [PPI] and tachycardia cycle length [TCL; dPPI] ) between the PPI and TCL <20 ms are generally considered to be part of the reentry circuit, 1, 2 whereas sites with dPPI >30 ms are considered to be bystanders. Measuring PPIs shorter than TCL (dPPI<0) can occur in the setting of spontaneous TCL variability, transient acceleration of the tachycardia, or incorrect annotation of the return cycle. 3, 4 However, dPPI <0 can also be observed with near-field capture and stable TCL. This phenomenon is poorly understood, and the significance of dPPI <0 sites for EM remains unknown.
The objective of this study was to describe and compare the anatomic and electrophysiological characteristics of atrial sites during AFL with dPPI <0, dPPI=0-30 ms, and dPPI >30 ms after entrainment.
METHODS
The anonymized database generated for this study and statistical analyses are available from the corresponding author on reasonable request.
Study Population
We studied 19 consecutive patients who underwent clinically indicated catheter ablation of AFL at our institution. Atrial flutter was defined as an atrial arrhythmia with a regular monomorphic ECG pattern because of reentry confirmed by intracardiac mapping. Cavotricuspid isthmus-dependent atrial flutters were excluded. Patients provided written informed consent, and the protocol was approved by the institutional review board. Hypertension was defined as systolic and diastolic blood pressure ≥140/90 mm Hg; diabetes mellitus was defined following the American Diabetes Association diagnostic criteria; hypercholesterolemia was defined as chart documentation of hypercholesterolemia or current use of lipid-lowering drugs; organic heart disease included previous myocardial infarction or angina pectoris, valvular heart disease, and cardiomyopathy; and prior stroke/transient ischemic attack was defined on the basis of a documented diagnosis by a neurologist.
Electrophysiology Study
All antiarrhythmic drugs, except amiodarone, were discontinued 5 half-lives before the procedures. A 10-electrode catheter (5 mm electrodes, 2-5-2 mm electrode spacing, Abbott, Lake Bluff, IL) was placed with its tip in the distal coronary sinus (CS)/great cardiac vein and all electrodes within the CS. Another identical catheter was placed with its base in the high right atrium (RA) and its tip against the anterolateral RA free wall. Transseptal puncture was routinely performed for left atrial (LA) access in all but one case, in view of the high probability of LA involvement-typically through 2 long sheaths (SL0 and Agilis, Abbott). In the case of dPPI ≥40 ms at the cavotricuspid isthmus and ≥2 sites on the RA free wall, RA AFL was excluded, and LA mapping and ablation were pursued.
Ultra high-density complete (spanning >90% of TCL) 3-dimensional electroanatomic activation maps (Rhythmia mapping system, Boston Scientific, Marlborough, MA) were acquired during ongoing tachycardia with a 64-electrode basket catheter (IntellaMap Orion, Boston Scientific). This mapping system has been described in detail previously. 5, 6 The main advantages of the system are that it allows to rapidly generate maps containing detailed information on chamber geometry, activation pattern, and voltage. Its high-density mapping provides high spatial resolution, allowing a better visualization and analysis of complex arrhythmias. Then, EM from the distal ablation bipole (TactiCath Quartz, Abbott) was performed at multiple candidate sites at a pacing cycle length 15 to 20 ms shorter than TCL and high output (25 mA). In the case of entrainment (based on classic criteria 1 ), PPIs were measured as the time (ms) between the last pacing stimulus and the first nonentrained electrogram deflection on the pacing electrode (return cycle). Pseudoshort PPIs because of spontaneous TCL variability, transient acceleration of the tachycardia, or incorrect annotation of a far-field potential were excluded. In the case of broad fractionated potentials, the first near-field deflection was selected to measure the PPI. The PPI values and entrainment locations were annotated on the activation maps for offline analysis.
After completion of the mapping procedure and confirmation of the reentrant mechanism (based on documenting >90% of TCL with a head meets tail circus movement of activation as well as compatible EM), 7 ablation without catheter dragging was performed at a narrowest accessible
WHAT IS KNOWN?
• In entrainment mapping of reentrant tachycardias, such as atypical atrial flutter, the difference between postpacing interval and tachycardia cycle length (dPPI) is traditionally considered to be a function of the distance from the pacing site to the leading wavefront.
• The significance of negative dPPI values, that is, postpacing intervals shorter than tachycardia cycle length, is unclear.
WHAT THE STUDY ADDS?
• This study finds that sites exhibiting negative dPPI values are more commonly located within a narrow isthmus and exhibit slower local conduction velocity compared with sites with classically accepted dPPI values (0-30 ms).
• The optimal dPPI thresholds to locate the leading tachycardia wavefront and identify narrow slowconducting isthmuses are assessed. • A conceptual model for the mechanism underlying negative dPPI values is proposed based on the present findings.
critical isthmus. After interruption of the targeted flutter, the ablation lesion(s) were assessed by evaluating the absence of local electrograms or local double potentials. Differential pacing and activation mapping in sinus or an atrial paced rhythm was performed to document conduction block across selected sufficiently long ablation lesions (typical linear lesions). Subsequently, atrial flutter or fibrillation inducibility was tested in all cases by LA or RA burst-pacing. Sustained induced arrhythmias (>5 minutes) were mapped and ablated at the operator's discretion. In patients with several AFL morphologies targeted for ablation, all AFLs that were successfully mapped as described were included in the study. Continuous endocardial bipolar electrograms were filtered (band-pass, 30-500 Hz) and digitally recorded at 1'000 Hz (LabSystem Pro; Bard Electrophysiology, Lowell, MA) along with surface ECG.
Offline Map Analysis and Definitions
To measure the distance between entrained sites (annotated on the maps during the procedures along with the associated dPPI) and the tachycardia circuit, the leading tachycardia wavefront was delineated on each complete activation map as indicated by the apex of successive isochrones depicting the activation wavefront along the shortest active reentry circuit. In the case of synchronous multiloop reentry, all active loops (nondelayed compared with other loops) were delineated and considered part of the circuit (Figure 1 ). The shortest distance between each entrained site and the leading wavefront was measured using the distance measurement tool on the Rhythmia software.
Isthmuses were defined as electrophysiological bottlenecks <25 mm wide along the path of the leading wavefront delimited laterally by anatomic obstacles, lines of conduction block, and electrophysiologically silent areas (electrogram amplitude <0.05 mV). Isthmus width was measured for analysis of narrower, clinically more relevant, cutoffs.
Conduction velocity at entrained sites was assessed by selecting, on the activation map, 2 representative points around the entrained site of interest, with an axis parallel to the wavefront trajectory at that site and a distance between points >5 and <15 mm (depending on point density at that site). Conduction velocity (m/s) was calculated as the time between the 2 activations (ms) divided by the distance between the 2 selected points (mm), measured using the Rhythmia distance tool (Figure 2A and 2B ). In addition, average isthmus conduction velocity was calculated based on time between entry and exit and isthmus length. Entry and exit points were defined as the sites of abrupt change of width (eg, the extremities of an isthmus-delimiting scar) and abrupt change of wavefront direction (eg, entry into a protected channel). For isthmuses <5 mm long, such as localized narrowing, average isthmus conduction velocity was considered equal to local conduction velocity measured as described above.
Effects of Ablation at EM Sites
Acute ablation outcome at entrained sites was categorized into termination to sinus rhythm, sustained TCL increase >15 ms (with or without a change in activation sequence), or no effect.
Statistical Analysis
Continuous variables are expressed as mean (±SD). Categorical variables are expressed as value (percentage). Measures of association are reported as odds ratio (95% CI). Visual examination of histograms and the Kolmogoroff-Smirnov test were performed to test for normal distribution. Continuous variables were compared using paired and unpaired 2-tailed t test (Welch approximation) if normally distributed, the Mann-Whitney U test in the case of nonnormal distribution, and the Kruskal-Wallis rank test for comparisons between ≥3 groups. Categorical variables were compared using Pearson χ 2 test in the case of expected frequencies >5 in all subcategories and the Fischer exact test if not. Logistic regression was used to measure the association (as odds ratio) between continuous dPPI and (1) location within 5 mm of the leading wavefront and (2) location within a narrow isthmus (different thresholds for isthmus width were assessed ranging from 5 to 25 mm). Receiver operating characteristic curves were derived from these models to depict potential optimal dPPI thresholds and the associated sensitivity and specificity to detect the leading wavefront and narrow isthmuses. Statistical significance was defined at bilateral α<0.05.
RESULTS

Electroanatomical Correlates of Entrained Sites
Of the 19 patients (age 66±15, 79% men), the underlying etiology of AFL was post-AF ablation in 14, postsurgery in 3 (1 mitral valve repair with Maze, 1 mitral and aortic valve replacement with Maze, 1 bipulmonary transplant), and idiopathic in 2. Clinical characteristics of the study population are summarized in Table 1 . A total of 24 AFL (23 LA, 1 RA, average TCL 264±35 ms) were mapped with complete high-density (mean 18 522 points, range 8216-33 368) electroanatomic activation maps and EM at multiple candidate sites and subsequently targeted for ablation. The anatomy of the circuits was as follows: 9 dual-loop reentries (6 with at least 1 roof-dependent loop and 3 locally reentrant involving a pulmonary vein ostium), 7 perimitral, 5 roof-dependent, 1 around an LA scar, 1 locally reentrant involving endoepicardial CS connections, and 1 around an RA scar. Of a total of 102 entrained sites, dPPI<0 (range, −38 to −1 ms) was observed at 27 sites, dPPI=0-30 ms at 45 sites, and dPPI >30 (range, 31 to 161 ms) at 30 sites. Sites with dPPI <0 were more commonly situated within isthmuses <25 mm compared with sites with dPPI=0-30 ( Figure 3A) : 23 of 27 (85%) versus 11 of 45 (24%), respectively, P<0.00001, odds ratio=17.8 (95% CI, 5.0-62.7). This difference was conserved for narrower isthmus width definitions down to 10 mm ( Table 2 ). The discriminating value of dPPI <0 to detect an isthmus was maximal for an isthmus width cutoff of 15 mm, with an odds ratio of 28.0 (95% CI, 6.8-115.7). The distance between the entrainment site and the leading wavefront was smaller when dPPI <0 compared with dPPI=0-30: 1.1±2.1 versus 4.3±4.9 mm, respectively, P=0.0003. Likewise, a dPPI<0 indicated a higher probability of being located within 5 mm of the leading wavefront ( Figure 3B Figure 4A shows the receiver operating characteristic curve for the discriminating value of dPPI to detect sites located within 5 mm of the leading wavefront. Although a dPPI threshold of +28 ms yields the highest rate of correct classification, with 86% sensitivity and 59% specificity, higher specificity for wavefront detection was achieved only at lower thresholds: >80% specificity required a dPPI threshold of +8 ms, and >90% specificity required a dPPI threshold of +2 ms. Figure 4B shows the receiver operating characteristic curve for the discriminating value of dPPI to detect isthmuses <15 mm. The threshold with the highest rate of correct classification was −1 ms, with 86% sensitivity and 89% specificity.
Discriminating Value of Different dPPI Cutoffs
Ablation Outcome
Ablation was performed on 7 dPPI=0-30 sites and 19 dPPI <0 sites, of which 16 were performed during ongoing AFL and 3 in sinus rhythm. Ablation during ongoing AFL led to a high rate of arrhythmia termination or TCL prolongation >15 ms in both dPPI groups: 15 of 16 (93.8%) versus 6 of 7 (85.7%) in dPPI <0 ver- sus dPPI=0-30, P=0.53. Likewise, there was no significant difference in the rate of arrhythmia termination: 43.8% in dPPI<0 (7 of 16) versus 57.1% in dPPI=0-30 (4 of 7), P=0.67. Overall, when considering all arrhythmias arising during the 20 procedures (including arrhythmias which were not mapped completely), sites targeted for ablation were the following: 8 posterior mitral isthmus, 6 pulmonary vein ostium/carina, 5 LA roof, 3 interatrial septum, 3 left anterior mitral isthmus, 2 CS, 2 right anterior mitral isthmus, 1 superior vena cava-RA free wall junction. Procedure outcome was arrhythmia termination and noninducibility in 14 of 20 (70%), ablation in sinus rhythm followed by noninducibility in 2 of 20 (10%), degeneration into AF during ablation and followed by noninducibility in 2/20 (10%), and 2/20 (10%) procedures ended with ≥1 remaining sustained AFL not ablated because of the presence of multiple inducible arrhythmias not readily amenable to ablation. Complete lines of block were confirmed by differential pacing or activation mapping in sinus/paced rhythm in 11 out of 20 (55%) procedures, including 4 out of 8 posterior mitral isthmus lines, 5 out of 5 LA roof lines, 2 out of 3 left anterior mitral isthmus lines, 2 out of 2 
DISCUSSION
This study compares the findings from complete highdensity 3-dimensional electroanatomic maps to EM in catheter ablation of AFL, with particular attention to the occurrence of dPPI <0. The main findings are (1) sites with dPPI<0 are more frequently located within limited width critical isthmuses compared with sites with dPPI=0-30 ms, (2) a significant proportion of sites with dPPI=0-30 are not in close proximity to the reentry circuit, (3) sites with dPPI <0 exhibit slower local conduction velocity and lower electrogram voltages than sites with dPPI=0-30, and (4) sites with dPPI >30 are rarely found within the reentry circuit or within isthmuses.
Electrophysiological Mechanism of dPPI <0
Causes of pseudoshort PPIs include intermittent capture, spontaneous TCL variability, transient acceleration of the tachycardia, and incorrect annotation of the return cycle. 3, 4 When excluding such artifacts, the occurrence of dPPI <0 has remained largely unexplained and of unclear clinical significance.
As hypothesized recently, 4 dPPI<0 may be caused by downstream capture of far-field tissue during high output bipolar stimulation, resulting in a larger virtual electrode and thus a shorter reset circuit, effectively removing from the reset circuit the area of tissue immediately underneath the electrode ( Figure 5 ). Consistent with this hypothesis, we have observed in this study (and previously) that dPPI <0 sites were commonly located within slow-conducting isthmuses, allowing a larger time leap for a given leap in space (virtual electrode size). Figure 6 , from an unpublished case at our institution, shows the return cycle after entrainment of a post-AF ablation left AFL at the same location at different stimulation intensities (25, 12, 8, and 5 mA). PPI increases consistently as stimulation output decreases, whereas catheter position, tachycardia circuit, and cycle length remain constant. Although this empirical observation requires further confirmation, this phenomenon is consistent with the downstream capture hypothesis because lower stimulation intensity should result in a smaller virtual electrode and thus a longer PPI. Under this hypothesis, assuming a conduction velocity of 0.49 m/s (range, 0.06-1.7 m/s) based on observed conduction velocity at sites with dPPI<0 in the present study, the virtual electrode's radius would have to increase by 4.4 mm (range, 0.5-15.3 mm), when increasing the stimulation output from 5 to 25 mA, to explain the change in dPPI. Of note, because stimulation is bipolar, Figure 5 . Proposed mechanism of difference between postpacing interval and tachycardia cycle length (dPPI) <0. A, Isochronal activation during ongoing tachycardia. B, Entrainment (star) results in synchronous capture of an area of tissue (white isochrone) around the tip of the catheter. The resulting return cycle is shorter than the tachycardia circuit because the dashed area is effectively bypassed. The slower the conduction velocity in the dashed area, the more time is amputated from tachycardia cycle length, the more negative the dPPI. C, Entrainment with lower output likely results in a smaller area of capture, thus a longer return cycle (see also Figure 6 ). the virtual electrode should be viewed as a 3-dimensional oval or cylinder whose projection (and electrical influence) on atrial myocardium varies not only with stimulation output but also with electrode size and interspace, catheter orientation, and contact (which were not evaluated in this study).
Although slow conduction around but removed from the entrained site is expected to prolong dPPI when pacing outside the tachycardia circuit, slow conduction should have the opposite effect-and at least no effect-when pacing within the circuit at or close to the site of slow conduction, by amplifying the effect of far-field capture on the duration of the return cycle. This may explain some differences in the electroanatomical properties of dPPI <0 sites and dPPI=0-30 sites.
Positive Predictive Value of Different Entrainment Criteria
To our knowledge, no standard dPPI value indicating location within the reentry circuit or ablation success has been validated experimentally. Although thresholds of 20 to 30 ms are typically used in practice, the positive predictive value of such dPPI thresholds has been questioned previously. Triedman et al 8 compared EM findings to electroanatomic maps on 18 typical and AFLs in 15 patients with congenital heart disease. Entrainment with concealed fusion and dPPI <20 was observed at 30% of entrained sites, accounting for ≈20% of the endocardial surface tested. The authors interpret this result as suggestive of a low positive predictive value of these entrainment criteria alone for ablation success. Even more surprisingly, in a study on postmyocardial infarction ventricular tachycardia, Bogun et al 9 found no association between dPPI and ablation success at sites with concealed entrainment, regardless of the dPPI threshold (dPPI ≤10, ≤20, ≤40, and ≤50 ms). The ventricular tachycardia termination rate at sites with dPPI ≤30 ms was 41% and did not differ significantly with different thresholds. Finally, the current model of reentry and entrainment directly implies that dPPI is a function of distance from the reentry circuit and conduction velocity along that distance. Therefore, in atria with heterogeneous conduction velocities, a fixed dPPI threshold may provide inconsistent results with respect to circuit delineation and ablation success prediction. The present results are consistent with previous studies, showing a relatively low positive predictive value of dPPI <30 to identify sites within the tachycardia circuit (64.4%). However, we identified a clear correlation between shorter dPPI and a higher probability of in-circuit location: 30% of dPPI >30 sites were located within 5 mm of the leading wavefront compared with 64.4% of dPPI=0-30 sites and 92.6% of dPPI <0 sites. A comparable correlation was observed with narrow isthmuses: 0% of dPPI >30 sites were located within isthmuses <15 mm compared with 6.7% of dPPI=0-30 sites and 67% of dPPI<0 sites. These results suggest that the de facto standard criterion of concealed entrainment with dPPI <20 to 30 ms lacks specificity to be adequately used in isolation. Actively pursuing EM to identify sites that satisfy a more stringent dPPI threshold may result in more selective ablation strategies. The efficacy and potential tradeoffs of such strategies, including loss of sensitivity or a higher rate of arrhythmia termination or modification by entrainment, remain to be evaluated prospectively.
Of note, similarly to Bogun et al, 9 we found no correlation between dPPI threshold and arrhythmia termination rate. This result is likely because of bias and lack of power (see limitations below).
Clinical Implications
EM is an established approach to AFL ablation, but the predictive value and clinical utility of accepted dPPI thresholds have not been formally evaluated. Our results add to the scarce but consistent evidence that a fixed dPPI <20 to 30 ms threshold is a relatively nonspecific indicator of tachycardia circuit and should not be used in isolation to select ablation targets.
In addition, this study shows that dPPI <0 sites are not only more commonly located on the tachycardia circuit but are also markers of narrow isthmus and slow conduction. The key concept that arises from this finding is that dPPI is not only a function of the distance between the entrained site and the leading wavefront but is also dependent on local electroanatomical properties of the entrained site. These properties suggest that dPPI <0 can be used as a parameter to identify clinically relevant critical isthmuses and potential ablation targets better than standard entrainment criteria. In addition, the present findings support the notion that negative dPPI values are also a function of virtual electrode size and therefore of stimulus output. Figure 6 shows that reducing the stimulus output from 25 to 5 mA lengthened the dPPI from −4 ms to +14 ms; inversely, therefore, increasing stimulus output (from twice the threshold or 10 mA, as is the practice in many centers) should allow recognition of narrow slow-conducting isthmuses by significant reduction of dPPI values into negative territory. The feasibility and utility of such a strategy require prospective evaluation.
It should also be noted that, ultimately, the selection of ablation sites and target isthmuses should take into consideration additional factors, including anatomic accessibility, proximity to critical structures, such as the AV node, ease of obtaining a complete line of block which could prevent (secondary) arrhythmia recurrence, and the potential impact of modifying the atrial activation sequence. In addition, although AFL termination is a desirable intermediary end point and important in proving the criticality of the target isthmus for maintaining the reentry circuit, completion of an adequate line of block is the preferred final end point. Consequently, the impact of the present findings on clinical outcomes in the broader context of various AFL ablation strategies remains to be investigated prospectively.
Study Limitations
Because EM sites were selected by the operator with knowledge of the electroanatomic map, sites more likely to exhibit a short dPPI are likely over-represented compared with an approach relying on EM alone. Although this should not bias the comparison between the different dPPI categories, it may lead to a general overestimation of the positive predictive value of all dPPI categories. Our results should, therefore, be interpreted accordingly. In addition, identifying dPPI<0 sites when relying on EM alone may be more difficult than in the present setting.
Technical limitations of the electroanatomic mapping system, including spatial resolution, activation time annotation, heart and diaphragmatic movements, and interpolation of activation wavefronts all apply to this study.
The higher prevalence of dPPI <0 observed in our study may be explained by the fact that EM was performed with knowledge of the electroanatomic map, likely targeting sites with a higher probability of shorter dPPI. Second, contrary to previous studies [9] [10] [11] and as part of this study's objective, in the case of long duration fractionated potentials, we defined the dPPI based on the earliest deflection of the first nonpaced electrograms while excluding far-field activation. Third, a fixed 25 mA pacing output was used to ensure reproducibility, practical efficiency, and to avoid repetitive resetting, acceleration, transformation or termination of reentry. Lower pacing outputs may produce a smaller virtual electrode and thus lower rates of dPPI<0, potentially resulting in different sensitivities and specificities to detect narrow slow-conducting isthmuses. Therefore, the specific values reported in the present analysis should be interpreted in the context of the chosen pacing output; their applicability to different outputs cannot be inferred from the present data. Neverthe-less, the underlying principle that dPPI is influenced by local electroanatomical properties of the entrained site should apply regardless of the relative size of the virtual electrode. Moreover, the presumed effect of increased virtual electrode size with higher stimulation output may be of clinical use, as pointed out above: a dPPI that changes from 0 to 30 to <0 ms with increasing stimulus output likely indicates a slow-conducting isthmus of narrow dimensions.
Finally, ablation sites were selected based on the electroanatomic maps. Therefore, only a small, nonrepresentative subset of EM points was ablated. Given this source of bias and low statistical power, evaluating the predictive value of dPPI in terms of ablation efficacy is beyond the scope of this study.
Conclusions
In AFL, sites with dPPI <0 are markers of narrow critical isthmuses with slower conduction velocity, whereas a significant proportion of sites with dPPI=0 to 30 ms are not in close proximity to the reentry circuit. Virtual electrode simultaneous down and upstream (antidromic) capture of a confined isthmus of slow conduction can explain a dPPI <0. Identifying these sites may allow more selective and efficient ablation strategies compared with the standard dPPI ≤30-ms threshold. 
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